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Abstract: 
 
Histones are strongly basic proteins responsible for the packaging and ordering of 
DNA inside eukaryotic cells. They are highly modifiable multifunctional proteins. 147 
DNA base pairs are wound around an octamer of core histone proteins (H3, H4, H2A, 
H2B). Post-translational modifications allow enormous potential for functional responses. 
Little is known about the effects of histone mutations on cell-to-cell variability of gene 
expression. To characterize these mutations, yeast strains with fluorescent reporter 
constructs were generated. Yellow fluorescent protein (Venus) was fused to a gene of 
interest, and red fluorescent protein (Cherry) was fused to a gene with no ties to histone 
modification in gene expression. Expression of the fluorescent reporter constructs in a 
comprehensive library of histone H3, and H4 mutants will be used to characterize cell-to-
cell variability. Through quantitative single-cell measurements of protein abundance 
using fluorescence microscopy speculations into the roles of histone modifications on 
gene expression can be made. 
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Introduction: 
 
The human genome is an enormous molecule consisting of 3.2 billion-bp that 
together have a total contour length of 1 meter. Inside the cell DNA is condensed into a 
form 40,000 times shorter than when unpackaged.  The DNA molecule is a two-stranded 
polymer of deoxynucleotides (one coding for the genetic inheritance and its compliment 
stand) held together by phosphodiester bonds between monobasic phosphate groups and 
the deoxyribose sugars. Hydrogen bonds hold the base pairs together (A to T and G to C), 
and orient them into layers. The stacking interactions of the nucleic acids hold the two 
DNA stands together to form a double helix, as seen in figure 1.  
 
Figure 1: Diagram of the Structure of DNA.  Diagram shows the pairing of 
bases (colored rungs on the ladder) and the overall helical structure of DNA. The 
deoxyribose sugars are bonded sideways through phosphate groups, and the opposite 
stand is bonded through base pairing. [22] Two grooves adjacent to the nucleotides run in 
between the matching helical strands of the DNA backbone. The two strands of the 
double helix are not directly opposite each other causing the grooves to be unevenly 
spaced. The major groove is 22 Å wide and the other, the minor groove, is 12 Å wide 
[21]. 
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 DNA can adopt different conformations. The most biologically abundant form is 
B-DNA. The molecules are flexible and can adopt many different degrees of curvature 
effectively altering the topology of the DNA. Altering the number of twists around the 
helical axis add strains to the DNA causing it to writhe at a superhelical axis. The 
contortions force the DNA to wrap around itself in response to the added torsion. Extra 
helical twist hold the nucleotides to more tightly together and leads to positive 
supercoiling, while removing twist leads to negative supercoiling. Most DNA has slightly 
negative supercoiling to facilitate easier access to the genome in order for vital biological 
processes to occur. Topoisomerases are enzymes that can alter the topological state of 
DNA to control transcription and translation, or alleviate strain on the molecule. In 
eukaryotes additional method for DNA compression are necessary.  
The next order of packaging is the nucleosome. DNA is the is wound around the 
nucleosome in what is commonly referred to as the  “beads on a string” structure; 
packages of approximately 147 DNA base pairs wound around an octamer of histone 
proteins. The core histone proteins, H3, H4, H2A, and H2B are the fundamental units of 
DNA compaction inside the cell. The nucleosome beads are connected with linker DNA 
that is approximately 20 to 60 base pairs long. Linker histones: H1 and H5 also play a 
role in nucleosome compaction by interacting with the Linker DNA to form higher 
ordered structures. Histones are some of the most highly conserved proteins in 
eukaryotes, and have vital roles in nucleosome construction as well as higher order 
chromatin structure and gene regulation. Histones are highly modifiable multifunctional 
proteins. They can be made to have a range of different functions inside the cell through 
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post-translational modifications.  Different modifications will give rise to differences in 
cell-to-cell variability in gene expression. 
Histones are strongly alkaline proteins. The interactions of DNA with histone 
proteins can be characterized in five distinct ways. First H2B, H3, and H4, positively 
charged helix-dipoles from alpha helices interact with negatively charged phosphate 
groups on DNA. Second hydrogen bonds form between the amide group on the main 
chain of histone proteins and the DNA backbone. Third the nonpolar deoxyribose sugars 
of the DNA interact with the histone proteins (Serine and Threonine).  Fourth, there are 
salt links and hydrogen bonds between side chains of basic amino acids (especially lysine 
and arginine) and phosphate oxygens on DNA. Lastly non-specific minor groove 
insertions of the H3 and H2B N-terminal tails into two minor grooves each on the DNA 
molecule. Each interaction determines how histone proteins will package and order the 
DNA into the structural unit of the nucleosome. 
 
 
 
 
Figure 2: Nucleosome Structure - 
The X-ray crystal structure of the 
nucleosome core particle of 
chromatin shows in atomic detail 
how the histone protein octamer is 
assembled and how 146 base pairs 
of DNA are organized into a super 
helix around it. [9] 
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DNA nonspecifically binds to the nucleosome although in large sequences there 
are preferences that govern nucleosome positioning. This is though to be due to water-
mediated interactions between the histone proteins and the DNA. Adenine and Thymine 
regions of the DNA are more favorably compressed into the inner minor grooves. When 
bound to the nucleosome DNA is rotated in 1.67 negative superhelical turns to maximize 
compression. DNA is distorted within the nucleosome core. Twist defects and non-
uniform bends are created through the distribution and strength of DNA-histone 
interactions. The overall twist of nucleosomal DNA varies from a value of 9.4 to 10.9 bp 
per turn. In vivo, DNA positioning can be found in the same location, which suggests that 
there are histone-loading complexes. Nucleosomes are mobile along the DNA molecule, 
ATP-dependent chromatin remodeling enzymes have been identified that are able to 
translationally relocate nucleosomes onto adjacent sequences, disrupting the histone-
DNA contacts, and generating negative superhelical stress on chromatin and DNA. 
Chromatosomes are a higher order of DNA compaction. They are a combination 
of the nucleosome and linker histones. Under non-physiological conditions, the 
nucleosome along with 20 to 60 base pairs of linker DNA can form the 10nm “beads on a 
string structure”. With linker histones, especially H1, which contacts the DNA entering 
and exiting the nucleosome, the “ beads on a string” structure becomes a 30nm dihelical 
structure. These groups of nucleoprotein complexes are called chromatin. 
  In its compact form, chromatin is referred to as a 30nm fiber. Inside the cell it is 
found in two forms as heterochromatin (compact) and euchromatin (extended). Currently 
the accepted model for the structure of chromatin is the nucleosomes lying perpendicular 
to the axis of the fiber with the linker histones arranged internally. The stability of the 
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30nm fiber relies heavily on the regular positioning of nucleosomes on DNA. Linker 
DNA is also critical to the fiber’s stability because it resists bending and rotation. The 
nucleosome requires separations that permit rotation and folding into required 
orientations without excessive strain on the DNA. Recently using electron microscopy, it 
was proven that different lengths of Linker DNA give rise to different topologies of the 
30nm fiber [14] 
During the life cycle of the cell chromatin compaction varies greatly. In 
interphase, most of the chromatin is loosely condensed in the form euchromatin. It is the 
phase the cell spends the majority of its time in, replicating DNA for cellular division and 
expressing its genome. Euchromatin in interphase is organized into large loops found 
mostly in its 30nm form, containing approximately 50 to 100 Kb of DNA. Approximately 
10% of the euchromatin, is in a more decondensed state. It unfolds into the 10nm “beads 
on a sting” structure when traversed by RNA polymerase engaged in transcription. Gene 
expression in eukaryotes is closely linked to chromatin structure[1].  
The structure of chromatin and its layout of the genome inside the nucleus are not 
random. Evidence supports certain genes within the nucleus associate together. “In 
chromosomes with aggregated gene clusters, gene deserts preferentially align with the 
nuclear periphery, providing evidence for chromosomal region architecture by specific 
associations with functional nuclear domains”(Shopland, Lynch). This allows distant 
genes to physically interact and mediate expression and other chromosomal functions. 
The layout of the genome however is not well characterized.  
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Figure 3: Chromatin Structure- illustrates the structure of the 30nm fiber, how the 
condensation of the “beads on a string “ structure of nucleosomes becomes chromatin. 
[5] 
 
DNA is packaged into chromatin to fit inside the nucleus of the cell. Chromatin 
plays key roles in many cell processes like the transcrition, DNA replication, and DNA 
repair. Modifications to the structure of chromatin affect DNA packaging. Specific 
enzymes complexes can be recruited to manipulate the DNA, and effect gene regulation 
and expression. Modifications to chromatin are due to chemical changes in the histone 
proteins. By making covalent modifications to the histones, certain regions of the genome 
can be turned on or off. These modifications include methylation, acetylation, and 
phosphorylation; as well as many others. 
Histones can be modified at many sites. There are over 60 different residues 
where modifications have been observed. However this is a large understatement to the 
number of actual modifications. Amino acids like lysine and arginine have shown up to 
three different forms of methylation.   This allows enormous potentials for functional 
responses [4]These responses either activate or silence transcription by the establishment 
of global chromatin environments or the orchestration of DNA based biological tasks. 
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Recently bivalent modifications (possessing both activating and repressing modifications) 
have been detected. It changes how we look at modifications, and adds a new element of 
complexity. Repressing modification usually take precedence over activating ones. The 
manifestation of modifications depends on the signaling conditions from the cell.  
Histone modifications are still an area of active study.  Lysine acetylation has 
been studied longest. Lysine is positively charged and interacts with the negatively 
charged DNA, binding it tightly. Acetylation removes the positive charge of lysine and 
has the largest effect on chromatin unraveling compared to other modifications. This 
allows transcription mechanisms to come in and interact with the DNA.  The formation 
of the 30nm fiber and higher order structures is prevented by acetylation of H4K16. 
Acetyltransferases usually modify multiple lysine residues. Actively transcribed genes 
are almost always associated with high level of acetylation. Typically acetylation is 
observed at the N –terminal tail of histones, although the Rtt109 enzyme acetylates the 
H3K56 core domain and is thought to be associated with genome stability and DNA 
replication. Acetylation occurs at active sites on the histone, and orchestrates DNA based 
process inside the cell. Less is known about lysine methylation. Lysine 
methyltransferases have a greater specificity than acetyltransferases, and usually only 
methylate one lysine residue on a single histone. An emerging view is that methylation 
recruits protein complexes to aid in activation translation. It is also believed to establish 
global chromatin environments that can silence the chromatin.  
Lysine methylation can have a range of different functions inside the cell. 
Methylated H3K4, and H3K36, are involved in activation of transcription. Both H3K4me 
and H3K36me are important in transcriptional elongation; H3K36me also recruits an 
12 
EAF3 protein that brings Rpd35 deacetylase to prevent transcription at inappropriate start 
sites. Methylated H3K4 and H3K36 are typically accompanied with acetylation 
Conversely methylated H3K9, and H3K27 are involved in repression. H3K9me silences 
active DNA, repression involves the recruitment of methylating enzymes and HP1. 
H3K9me, and HP1 recruitment are always repressive. Bivalent modifications of H3K27 
and H3K4 have opposite functions, causing low levels of gene expression. Methylation 
H3K20 is involved in gene repression.  The Lysine residue can be single, double, or triple 
methylated, but it looses its abilities as a repressor when triply methylated. It is believed 
that methylation also plays a large role in development because more is viewed in 
embryonic cells than differentiated ones.  
Little is known about the role of phosphorylation in gene expression. 
Phosphorylated H3S10 has been demonstrated in the activation of NFKB- regulated 
genes. Modifications on histones allow accessibility to and recognition of the damaged 
DNA. Phosphorylation of the histone occurs for many Kb around the site of damage and 
in one of the earliest signs seen. It recruits complexes to the phosphorylation sites to 
repair breaks in the DNA. Two important phosphorylation events occur in the replication 
cycle of mammalian cells. The first is during mitosis Aurora B kinase phosphorylates 
H3S10, and simultaneously displaces HP1 from H3K9me (normally responsible for 
chromatin compaction). The second is phosphorylation of H3T3 by the Haspin kinase. 
Metaphase chromosomal alignment would not be possible without this process. 
Chromatin modifications are very important to our understating of gene regulation 
and function. The development of a global chromatin environment, helps to divide the 
genome into functional groups; the accessible active DNA-protein complex 
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(euchromatin) that can be used in transcription, and the inaccessible inactive DNA-
protein complex (heterochromatin) that is not used in transcription. The second group 
consists of silenced transcriptional DNA that has silenced through methods like histone 
methylation, and structural DNA. It plays a major role in specific jobs like DNA 
replication, and gene expression. Euchromatin is a large portion of the genome, is usually 
accompanied by high levels of acetylation and methylation that allow the nucleosomes to 
unravel and participate it transcription. Heterochromatin is accompanied by low levels of 
acetylation, methylation, and phosphorylation. Due to its tight packing, heterochromatin 
prevents degradation by proteins and serves to protect the integrity of the chromosomes 
during mitosis. 
DNA is responsible for passing on genetic material and phenotypic traits over 
time.  Histone modifications can also affect the phenotype and gene expression of the 
cell, giving it different characteristics than a cell with an identical set of DNA. These 
characteristics differ greatly from genetic inheritance. They can be gained or lost many 
multiples of times faster than genetic mutation. 
Many fundamental biological pathways are influenced by histone modifications. 
There are over a hundred different possible covalent modifications that appear on a 
histone. Modifications tend to occur simultaneously and lead us to contemplate the roles 
of these modifications in the control of transcriptional noise when looking at gene 
expression in bulk cultures. Despite all the research in this field, the effects of these 
modifications are still widely unknown.  
Typically studies on chromatin are carried out on bulk cultures. In an effort 
understand the processes behind chromatin modifications and their effects on 
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transcription levels are studied and quantized in large cell cultures with characterized 
modifications and compared to those without modifications. This illustrates differences in 
levels of gene expression and induction time but withholds much of the information 
about the inner workings of the cell. Specifically, the variation between cells in a 
population; this information is lost in bulk cultures.  A more in depth approach must be 
taken to truly understand the processes of the cell at a chemical level. In an attempt to 
better understand the effects of histone variations, a closer look has to be taken at 
individual cells. In fact, chromatin packing has been implicated as a major player in cell-
to-cell variation in gene expression of yeast.  
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Figure 4:  Fluorophore Structure- (A) Venus is a yellow fluorescent protein, consisting 
of a beta barrel with an alpha helix running down the middle containing the 
chromophore. The protein molecule is 239 peptides in length. Venus has an excitation 
wavelength at 515nm and an emission wavelength at 528nm. Venus will be used to tag a 
gene of interest. [14](B) Cherry is a red fluorescent Protein consisting of a beta barrel 
with an alpha helix running down the middle containing the chromophore. The protein 
molecule is 236 peptides in length. Cherry has an excitation wavelength at 587nm and an 
emission wavelength at 610nm. Cherry is used as the tag for a control gene. [18] 
 
 
 
Fluorescence is generally used as a non-destructive means for tracking biological 
molecules. Fluorescence is the emission of light in the visible spectrum by a molecule or 
atom that has absorbed a different wavelength of light. George Gabriel Strokes coined the 
term in 1852 from observations of mineral fluorite. In most cases, higher energy light is 
absorbed by a molecule or atom. The energetically excited structure emits a photon of a 
larger wavelength as it relaxes back to its ground state. Few cellular components are 
naturally fluorescent (also known as intrinsically fluorescent). Many cellular components 
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can be marked extrinsically with a fluorophore (a fluorescent molecule like a protein, or 
small molecule). Typically the structure consists of a beta barrel structure with an alpha 
helix running through the center, which contains the chromophore (the molecule 
responsible for it’s color). Fluorescence is rare in many molecules. Fluorescence 
spectroscopy, unlike other forms of spectroscopy, is extremely sensitive and 
measurements can be detected down to a single molecule. 
Yeast containing the BY4734 genetic background will be used as the model 
organism to study cellular behavior. Fluorescent reporter constructs will be generated to 
tag a housekeeping gene, and specific genes of interest inside yeast. The housekeeping 
gene, selected to have little variability in gene expression, will be tagged with the Cherry 
fluorescent protein. The genes of interest will be tagged with the Venus fluorescent 
protein. The constructed reporter constructs will be mated against the H3 and H4 histone 
mutant library generated by the Boeke lab as seen in figure 5 and 6 (Dai. et al).  
 
Figure 5: Histone H3 and H4 mutant library the generated fluorescent 
reporter constructs will be mated against. “The library consists of an alanine 
scan with other systematic reside swaps and systematic tail deletions, totaling 486 
mutants.”[2] The white boxes show the original 135-peptide sequence for histone 
H3, and the original 102-peptide sequence for histone H4. Under in color are the 
amino acids used as substitutions. 
 
 
17 
Through the fluormetric analysis of the each reporter construct, the cell-to-cell 
variability of gene expression can be quantified and the roles of a variety of histone 
mutant can be characterized. Looking at the ratio of YFP to RFP we will determine the 
levels of transcription for our tagged proteins inside the cell versus the developmental 
stage of the yeast.  From the data gathered about fluoresce reporters speculations can be 
made into the roles of histone modification and their effects on gene expression and non-
genetic inheritance.  
 
Figure 6:  Yeast mating 
strategy- illustrates how 
haploid yeast containing our 
fluorescent reporters can be 
mated to H3 and H4 mutants 
to characterize the function 
of the mutation. 
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Materials and Methods: 
 
I. Plasmid Construction  
The fluorescent tag, Cherry, contained in the plasmid pKT355 was obtained from 
Kurt Thorn. LB-Amp liquid media was inoculated and allowed to grow overnight at 
37 C. The plasmid was extracted in abundance using the Mega Plasmid Preparation Kit 
from Boston BioProducts. A double restriction digest with the restriction endonucleases: 
PmeI and MluI were preformed over night at 35 C on the pKT355 plasmid. The digest 
was then analyzed by gel electrophoresis. The band containing the Cherry protein (~3500 
base pairs) was extracted using the Geneclean III Kit from MP Biomedicals. The 
concentration of the extracted doubly digested pKT355 plasmid was determined using gel 
quantification. 
Next pGB006 (contained plasmid with selectable marker Trp1) made by 
Gwendolyn Bennett was grown up overnight at 37 C in LB-Amp cultures. The cultures 
were mini prepped via the Sigma Gene Elute Kit. Trp1 was amplified out of pGB006 
using Platinum Pfx DNA Polymerase (Invitrogen) and the primers: TrpPmeEco3’ and 
TrpMluBgl5’ (cycling parameters: initial denaturation at 94 C for 3min., denaturation at 
94 C for 15sec., annealing at 56 C for 30 sec., amplification at 68 C for 3 min repeated 
for 29 cycles, and a hold at 4 C). Trp1 PCR product was run out on a gel and gene 
cleaned. The purified product was then doubly digested with PmeI and MluI at 37 C for 
2.5hrs. The reaction was cleaned using the MinElute Reaction Clean Up Kit by Qiagen.  
Ligations of pKT355 and Trp1 were preformed (1:1, 3:1, 6:1) overnight at 16 C, and 
then heat inactivated at 65 C for 20min. 
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II. E.coli Transformation 
 50uL of competent E. coli cells (DH5 ) for each ligation were thawed in separate 
tubes on ice. 20uL of ligations were added, and the transformations were incubated on ice 
for 30min. Next they were heat shocked for 1.5min at 42 C. The transformations were 
placed back on ice and 250uL SOC was added. Then they were allowed to recover an 
hour at 37 C. The transformations were plated on LB-Amp (ampicillin is selectable 
marker) plates and incubated at 37 C overnight. 
 Five colonies from pKT355 3:1 plate were used to inoculate 5mL LB-AMP 
cultures. The cultures were mini prepped using the Sigma Genelute Mini Prep Kit. 
Conformational restriction digestions of the transformed plasmid using SalI, ClaI, BglII, 
and SspI at 37 C for 2.5 hours were done as seen in figure 8, and the plasmid was sent 
out for sequencing. Sequencing came back positive and the plasmid will now be called 
pSGS002 (contains Cherry and Trp1).  
 
 
III. Yeast Construction 
 LB-Amp liquid media was inoculated with pSGS002 and allowed to grow 
overnight at 37 C. The plasmid was isolated using the Mega Plasmid Preparation Kit 
from Boston BioProducts. Specific 60 base pair primers were made to tag each gene of 
interest (TEF1 and YLR027C). A PCR was set up (cycling parameters: initial 
denaturation at 94 C for 3min., denaturation at 94 C for 30 sec., annealing at 58 C for 30 
sec., amplification at 68 C for 2 min 10 sec. repeated for 5 cycles, then denaturation 94 C 
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for 30 sec., annealing at 68 C for 30 sec., amplification at 68 C for 2 min. 10 sec. for 25 
cycles, a final amplification at 68 C for 10 min and a hold at 4 C) using Platinum Pfx 
DNA Polymerase  (Invitrogen) for TEF1, and YLR027C. The products were run on a gel 
and the bands were cut out and extracted via GenecleanIII (Obiogene).  
 Yeast constructs will be made following the same protocol for pGB001(venues 
tagged with Leu2) with 60 base pair primers for: GLK1, HSP104, AGA1, FIG1, MET3 
and HXK1.  
 
IV. Yeast Transformation-  
 
Yeast Transformations were carried out following the High-Efficiency Yeast 
Transformation protocol from the Rando Lab. On the first day, a single colony of yeast 
strain, BY4734, was grown in a 3mL culture overnight. The second day, 50mL of culture 
were inoculated in the evening to obtain an appropriate OD the next day. The target OD 
was approximately the (number of transformation) X (0.1) for a 50mL culture. On the 
third day, cultures at the correct OD were poured into 50mL conical and pelleted at 
4000rpm for 2min. The pellet was washed in 25mL water and pelleted again. Next the 
pellet was resuspended by vortex in 1mL of 100mM LiOAc and transferred to a 1.5mL 
tube. Then pelleted with a short 10sec spin. The liquid was poured off and the pellet was 
resuspended up to (250/(0.833X0.6))X(OD) in 100mM LiOAc by vortex. The 
resuspension was then incubated at 30ºC for 20min. Meanwhile, denature Salmon Sperm 
DNA (10mg/mL) by boiling at 95ºC for 10min. 50μL aliquots were made of cells in 
LiOAc, 10μL of Salmon Sperm DNA (10mg/mL), and 1μg of transforming DNA was 
added for each transformation. Next the 50μL aliquots were vortexed and incubate at 
30ºC for 20min. Meanwhile 3mL of 100mM LiOAc/40%PEG was made and , combined 
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with 2.4mL 50%PEG, 0.3mL of 1M LiOAc, and 0.3mL of water. Next 300μL of  
100mM LiOAc/40%PEG was added to the transformations. They were vortexed and 
incubated at 30ºC for 20min. After they were incubated 40μL of DMSO was added to 
each one. The transformation were vortexed again, and heat shocked at 42ºC for 20min. 
Next the cells were pelleted with a 10sec spin. The pelleted cells were washed with 
500μL water and pelleted again. Finally the cells were resuspended in 100μL of water 
and spread on selective plates (-Leu for pGB001 (Venus), and –Trp for pSGS002 
(Cherry)). 
Yeast strain, BY4734, was transformed with pSGS002 for TEF1 was determined 
by conformational PCR and gel electrophoresis of PCR products. The new strain of yeast 
with Cherry and Trp1 will now be called SGSY001. This processes was repeated for 
BY4734 transformed with pSGS002 for YLR027C. The new strain with Venus and Leu2 
will now be called SGSY002.  
This strategy will be continued for the proteins labeled with Venus. 
Transformations will occur on SGSY001 and SGSY002 instead of BY4734 to generate 
yeast strains with a YFP-fused protein of interest and a RFP-fused control protein.  
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Results: 
I. Plasmid Construction  
In order to facilitate detection of gene activation, plasmid constructs were built to 
serve as a template for generation of homologous recombination constructs. The first 
plasmid was built to contain the AMP bacterial resistance marker, as well as the Trp1 
gene for yeast selection and the cherry fluorescence gene (reporter). This plasmid was 
assembled using a two-way ligation scheme via the PmeI and MluI restriction enzymes 
on the plasmid pKT355 (containing the AMP bacterial resistance gene, cherry 
fluorescence gene, and Kan gene for yeast selection) obtained by Kurt Thorn. For our 
purposes the plasmid was modified to include the yeast Trp1 gene in place of Kan. 
Plasmids containing useful Trp1 genes (pGB006) were obtained from Gwendolyn 
Bennett. 
PmeI (3’ end) and MluI (5’end) were selected due to their single digestion sites on 
pKT355 outside of Kan that would not affect either the Amp resistance gene or the cherry 
fluorescence gene. After the double restriction digestion was preformed, the digested 
plasmid was run out on a 1% agarose gel. Two bands were seen, one larger band at 
approximately 3.5Kb with the cherry fluorescence gene and one smaller band at 
approximately 500bp with the Kan gene. The larger band was gel purified using 
GeneCleanIII (Obiogene). Next Trp1 was amplified from pGB006 using PCR methods.  
Specific primers containing a PmeI restriction site on the 3’ stand and a MluI 
restriction site on the 5’ strand were used in conjunction with Platinum Pfx DNA 
Polymerase (Invitrogen) were used to amplify the Trp1 gene out of pGB006 ( with an 
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extra 300bp upstream of Trp1 to include the Trp1 promoter). The PCR product was run 
out on a 1% agarose gel, and a band at approximately 1Kb with the amplified Trp1 gene 
was observed. The band was purified using GeneCleanIII (Obiogene), and doubly 
digested with PmeI and MluI. The purified fragments for our Trp1 and pKT355 
digestions were ligated using T4 DNA Ligase (NEB). 
 The full ligation mixtures as shown in figure 7A containing the AMP bacterial 
resistance gene, cherry fluorescence gene and yeast Trp1 selection gene were used in 
transforming competent E. coli cells (DH5 ). 
 
 
II. E. coli Transformation 
 E. coli cells transformed with our constructed plasmid were grown on ampicillin 
plates for selection purposes. The DH5  stain used in this experiment did not naturally 
contain an AMP resistance gene, and therefore would die on ampicillin plates. Normal 
colonies from our transformed plates were chosen at random and grown up in LB-AMP 
broth. The plasmids were purified from our selected colonies using Genelute Mini Prep 
Kit (Sigma).  We ran them out 1% agarose gel, bands at approximately 4.5Kb were 
observed. Six diagnostic digestions (A, B, C, D, E, and F) using SalI, ClaI, BglII, and 
SspI, ran out on 1% agarose gel with bands at approximately 2.4Kb, 1.9Kb, 3.3Kb, 1Kb 
3.8Kb, 0.5Kb, 3.4Kb, 1Kb, 2.4Kb, 1.9Kb, 2.9Kb, and1.5Kb respectively, confirmed our 
transformed E. coli indeed carried the our constructed plasmid to be named pSGS002 as 
seen in figure 8. Yeast transformation could now be carried out using homologous 
recombinant PCR products from pGB001 and pSGS002 using specific primers that 
anneal at the forward and reverse primer sites as seen in figure 7. 
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III.  Yeast Construction 
In order to generate fluorescently tagged genes, specialized primers were 
designed to target specific genes of interest inside yeast genome and allow homologous 
recombination with the constructed plasmids.  The first consideration was to attach the 
gene for a fluorescent protein to a gene of interest, and the second was to prevent frame 
shifts that would mutate the fusion protein upon translation causing it to be 
disadvantageous in later stages of this experiment. The primers were designed to be 
20bps specific to the newly created plasmids (upstream of the fluorescent protein and 
downstream of the yeast selectable marker), and 40bps specific to a homologous region 
of each gene as seen in figure 9A.   
The plasmid pSGS002  was used to tag the housekeeping genes, TEF1 
(Translation Elongation Factor) and YLR027C (Aspartate AminoTransferase), which 
have shown little variability in gene expression with histone modifications [10]. These 
will be used as control for cell size. The PCR products amplified from pSGS002 with the 
specialized primers will homologously recombine with their counter part inside the yeast 
genome.  Figure 9B illustrates how this process will occur, linking TEF1 and YLR027C 
to the cherry fluorescent gene as seen in figure 9C and 9D. The TEF1-cherry or 
YLR027C-cherrry fusion proteins will give us a base line to normalize our data as we 
characterize gene expression.  
The PCR products obtained from amplification of pSGS002 with TEF1 and 
YLR027C primers using Platinum Pfx DNA Polymerase (Invitrogen) were run out on 1% 
agarose gel.  Bands at approximately 2Kb were observed, and confirmed that correct 
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amplification had occurred. They were then extract using GeneCleanIII (Obiogene) and 
used to transform yeast from the BY4734 strain to create the cherry tagged fluorescent 
constructs SGSY001 (cherry-TEF1) and SGSY002 (cherry-SLR027C).  
The plasmid pGB001, created by Gwendolyn Bennett while working at the Rando 
lab, was created to tag genes that exhibit high cell-to-cell variation in gene expression 
[10]. For the initial study, six genes were chosen: HXK1  (Hexokinase isoenzyme) 
HSP104  (Heat Shock Protein) GLK1  (Glucokinase)  FIG1  (Factor-Induced Gene) 
AGA1  (a cell-specific sexual Agglutination) MET3  (Methionine requiring). The PCR 
products amplified out of pGB001 using the specialized primers will homologously 
recombine with their counter parts in a similar fashion to the PCR products from 
pSGS002 as seen in figure 9A and 9B. The Venus tagged genes will give precise data 
about the varying level of gene expression between histone mutants. 
PCR of pGB001 with HXK1, HSP104, and GLK1 primers using Platinum Pfx 
DNA Polymerase (Invitrogen) was preformed. The products were run on a 1% agarose 
gel and examined. Bands at approximately 2Kb were observed, verifying successful 
amplification. The bands were extracted using GenecleanIII (Obiogene), and used to 
doubly transform SGSY001 and SGS002. 
 
 
IV. Yeast Transformation 
 
 To determine the success of the yeast transformations with pSGS002 PCR 
products were grown on Trp- plates. The BY4734 strain has Ura, His, Met, Leu, and Trp 
knockouts. Media was made to have all the essential amino acid for growth of the 
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SGSY001 and SGSY002. The transformed colonies that grew contained the Trp1 gene 
crucial to growth on the minimal media plates. Normal colonies were selected at random 
and grown in YPD without tryptophan. Next mini preps were preformed to extract the 
genomic DNA from the transformed yeast. PCR primers were designed to analyze the 
effectiveness of the transformations.  
Three reactions (A, B, and C) were run, as seen in figure 8A, on wild type 
BY4734 and the transformations, to support their validity. The results were run out on 
1% agarose gel and evaluated. Reaction A amplified outside the homologous region. A 
band was seen in wild type BY4734 at approximately 500bps in both controls for the 
TEF1 and YLR027C transformations, as seen in figure 10B and 10C. Reaction B began 
amplification outside the homologous region and terminated inside the cherry fluorescent 
gene. No bands were observed for wild type BY4734, but for the TEF1 and YLR027C 
transformations, bands were seen at approximately 800bps as seen in figure 10B and 
10C. Finally reaction C began amplifying inside the Trp1 gene and concluded outside the 
homologous region. Again, it can be shown through figure 10B and 10C, that no bands 
were detected for wild type BY4734, and witnessed at 500bps respectively in both 
transformed strains. 
The data obtained, confirmed through PCR methods the successfulness of both 
amplifications of pSGS002 with the TEF1 and YLR027C primers. The attainment of 
positive results for the two yeast transformations preformed from pSGS002 grants the 
generation of the cherry-TEF1 and cherry-YLR027C fluorescent reporter constructs. The 
new strains are named SGSY001, and SGSY002 respectively. 
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Transformations of SGSY001 and SGSY002 proceeded with the PCR products 
from pGB001 with HXK1, HSP104, and GLK1 primers to create doubly transformed 
reporter constructs. Similar to the cherry tagged constructs, the newly transformed yeast 
were grown on minimal media plates. They lacked tryptophan, and also leucine. Effective 
transformations contained the Trp1 gene from pSGS002 and the Leu2 gene from 
pGB001. Colonies grew for all three transformations of SGSY001, and for the GLK1 in 
SGSY002.  Further confirmation through PCR is needed to positively prove the 
transformation. 
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Discussion: 
 Histones are strongly basic proteins responsible for the packaging and ordering of 
DNA inside eukaryotic cells. They are highly modifiable multifunctional proteins. 147 
DNA base pairs are wound around an octamer of core histone proteins (H3, H4, H2A, 
H2B). Post-translational modifications allow enormous potential for functional responses 
inside the cell. Little is known about the effects of histone mutations on cell-to-cell 
variability in gene expression. To characterize these mutations, in particular, the ones 
occurring on histones H3 and H4, yeast strains with fluorescent reporter constructs were 
generated.  
 To discern the effects of histone mutants we wanted to two distinct fluorescent 
proteins. For our purposes, we chose, the yellow fluorescent protein, Venus, and the red 
fluorescent protein, Cherry. They had different excitation and emission wavelengths that 
would not interfere with quantification of fluorescence for each individual protein, and 
relatively high or moderate brightness . As seen in figure 11, Cherry has an excitation 
wavelength at 587nm and an emission wavelength at 610nm. Venus has an excitation 
wavelength at 515nm and an emission wavelength at 528nm.Our goal was to create two 
fusion proteins, one made up of Cherry linked to a control gene, and the other made up of 
Venus linked to a gene of interest. 
 The Cherry fusion protein needed to have stable expression throughout the cell 
cycle, to give a base line for protein abundance that could be used to normalize the data 
we obtain in regards to the varying levels of gene expression between cells. TEF1 and 
YLR027C were selected as intensity controls for cell size. They are low noise proteins 
due to their exhibition of little variability in gene expression. Conversely, the Venus 
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fusion protein needed to exhibit high cell-to-cell variation. The genes: HXK1, GLK1, 
HSP104, FIG1, AGA1, and MET3 were chosen. AGA1 and MET3 were know to be 
environmentally-inducible noisy genes, while others had shown expression regulated by 
histone tails, H4 point mutations [3], and tail deletion mutants [15]. 
 The first experimental step taken in the construction the Cherry and Venus 
fluorescent reporter constructs was the development of plasmids in E.coli. Gwendolyn 
Bennett did early work in the production of a pGB001. Contained within the plasmid was 
Venus and Leu2. Next we began the development of pSGS002, a plasmid similar to 
pGB001, but instead of Venus and Leu2 it contained Cherry and Trp1. 
 The completed plasmids, pGB001 and pSGS002, were then used to generate PCR 
products that homologously recombined within the yeast genome. Specialized primers 
were used to amplify the fluorescent gene and selectable marker that target specific genes 
of interest inside the cell. The primers were designed to fuse the fluorescent gene to the 
gene of interest, and allow yeast selection using specific media. 
 We were able to generate Cherry tagged TEF1 and YLR027C reporter constructs. 
Further work is needed to confirm and continue the generation double transformed yeast 
strains containing Venus and Cherry reporter constructs. In the future we will mate the 
fluorescent reporter constructs against a comprehensive library of histone H3, and H4 
mutants (figure 5), and characterize the cell-to-cell variability in gene expression.  
Through quantitative single-cell measurements of protein abundance using 
fluorescence microscopy speculations into the roles of histone modifications on gene 
expression can be made. Venus abundance levels will be monitored to identify variability 
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between cells. The data gathered will then be normalized to Cherry abundance levels to 
factor out any incongruency  due to cell size. 
   Using the H3 and H4 histone mutant library in conjunction with our generated 
fluorescent reporter constructs will give functional data about the effects of histone 
mutations on gene expression.  Through Fluorescence microscopy  we will determine the 
cell-to-cell variability in protein abundance and characterize the roles of H3 and H4 
histone mutations compared to wild type strains. 
 The ultimate goal is to analyze strains for epigenetic regulation and expression 
across cell lineages via microfluidic devices. The yeast will be continuously supplied 
with fresh media flowing over them to eliminate environmental factors as a cause for 
variability in expression. Individual yeast will be trapped in long channels 1.5 microns 
wide forcing the yeast to grow in lines with the daughter cell adjacent to the mother as 
seen in figure 12. Simple inspection of fluorescence images can reveal the switching rates 
of epigenetically regulated genes in the system. Correlations between mother and 
daughter gene expression will be measured. This will enable the time behavior of 
epigenetically regulated genes to be measured over many generations, the roles of various 
histone residues in tuning epigenetic switching rates can be characterized.
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Figure 7: Generated plasmids to be used in construction of fluorescent tagging 
constructs. Both plasmids contain the AMP bacterial resistance gene, and forward 
and reverse primer sites to be used in PCR amplification on homologous 
recombination constructs for yeast transformation. (A) pSGS002 contains Cherry 
and a Trp1 selectable marker. This plasmid will be used to tag a housekeeping gene 
as a control to measure the progress of the cell cycle. (B) pGB001 contains Venus 
and a Leu2 selectable marker. This plasmid will be used to tag a gene with 
expression tied to histone modifications.     
 
 
32 
 
 Figure 8: Diagnostic digestion to verify size and identity of 
pSGS002. Six reactions (A, B, C, D, E, F) were run at 37 C for 2.5 
hours to confirm the transformation (A) Restriction double digest with 
SalI and ClaI had expected bands at 2.4Kb and 1.9Kb. (B) Restriction 
double digest with SalI and BglII had expected bands at of 3.3Kb and 
1Kb. (C) Restriction double digest with SalI and SspI had expected 
bands at 3.8Kb and 0.5Kb. (D) Restriction double digest with ClaI and 
BglII had expected bands at 3.4Kb and 1Kb. (E) Restriction double 
digest with ClaI and SspI had expected bands at 2.4Kb and 1.9Kb (F) 
Restriction double digest with SspI and BglI had expected bands at 
2.9Kb and 1.5Kb. 
A      B      C     D      E      F 
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Figure 9: Reporter constructs amplified out of pSGS002 designed to tag TEF1 and 
YLR027C in BY4734(Ura, His, Met, Leu, and Trp knockouts) (A) PCR 
amplification out of the plasmid. In green are the 40 bps specific homologous sequences 
for our gene of interest attached to our 20bps specific PCR primers. Being amplified out 
of pSGS002 are the cherry fluorescent gene, in red, used to tag a housekeeping gene, 
and the yeast Trp1 gene, in yellow, used as a selectable marker (B) Homologous 
recombination with our gene of interest. The PCR product will knock out the original 
sequence and replace it with one containing cherry, the fluorescent reporter, and Trp1, 
the selectable marker. The cherry fluorescent gene is linked to the housekeeping gene of 
interest, and will create a fusion protein when translation occurs. (C) SGSY001: TEF1 
tagged with cherry fluorescent gene and yeast Trp1gene selectable marker. (D) 
SGSY002: YLR027C tagged with cherry fluorescent gene and yeast Trp1 gene 
selectable marker. 
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Figure 10: Confirmation through PCR of SGSY001 and SGSY002. (A) 
Diagram of the positioning of the primers used to prove generation of Cherry 
tagged gene of interest. The arrows are sites were primers for reactions A, B, 
and C annealed. In the diagram the tagged gene is shown on the right in purple, 
the cherry fluorescent gene is shown in red , and the Trp1gene (used as a 
selectable marker) is shown in yellow.  (B) Confirmation through PCR of the 
generation of Cherry-tagged TEF1 strain (SGSY001). In tagged strain: reaction 
A should be 2297bps (not observed), reaction B should be 820bps, and 
reaction C should be 403bps. In wild type, only reaction A should be observed 
at roughly 500bps (C) Confirmation through PCR of the generation of Cherry-
tagged YLR027C strain (SGSY002). In tagged strain: reaction A should be 
2424bps (not observed), reaction B should be 855bps, and reaction C should be 
601bps. In wild type , only reaction A should be observed at roughly 500bps 
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Figure 11: Excitation and Emissions Spectra for Fluorescent Proteins. Cherry 
fluorescent protein has an excitation wavelength at 587nm and an emission 
wavelength at 610nm. Venus fluorescent protein has an excitation wavelength at 
515nm and an emission wavelength at 528nm. (A) Excitation and Emission spectra. 
(B) Characteristic table of fluorescent proteins. [11] 
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Figure 12: Microfluidic device to be used in the analysis of 
epigenetic regulation and expression switching rates. The channels 
where the yeast would be grown are 1.5 microns wide, not quite wide 
enough for two yeast. The cells are forced to grown in a line, gene 
expression on a cell-to-cell basis can be easily quantified using 
fluorescent reporter constructs over many generations.  
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